Protein C-Mannosylation is unique in that an α-mannose attaches directly to the indole C2 carbon atom of a Trp residue through a C-C bond. C-Mannosylation usually occurs at the first tryptophan in the consensus amino acid sequence Trp-x-x-Trp (W-x-x-W) through an enzymatic reaction with a specific mannosyltransferase, which has yet to be identified. Most substrates for C-mannosylation are part of either the thrombospondin type-1 repeat (TSR) superfamily or cytokine receptor family, suggesting a functional role for C-mannosylation in specific substrates. Site-directed mutagenesis in the W-x-x-W motif has revealed C-mannosylation to be important in the folding or targeting of substrate proteins, such as mucins and ADAMTS-like 1, in the cell. Furthermore, using chemically synthesized C-mannosylated TSR-derived peptides, Hsc70 was identified as a protein bound to C-mannosylated peptides, and the interaction enhanced the TNF-α-producing signaling by Hsc70 in macrophage-like cells. These recent findings suggest that the C-mannosylation of specific target proteins plays pivotal functional roles in the cell.
identified in ribonuclease(RNase) 2 from human urine (5) . Although in most cases of glycosylation, the oligosaccharide chain extends to some extent, C-mannosylation involves no extension of oligosaccharides and is thought to be a unique modification with a monosaccharide, such as O-GlcNAc, found in cytoplasmic proteins (6) . C-Mannosylation usually occurs at the first tryptophan in the consensus amino acid sequence Trp-x-x-Trp (W-x-x-W) in the thrombospondin type-1 repeat (TSR) and cytokine receptor superfamilies (4) . This suggests that C-mannosylation plays a specific role in the functional regulation of target proteins.
This review describes C-mannosylation in proteins and recent studies concerning its biological significance.
B. The Structure and Biosynthesis of C-Mannosylated Proteins
C-Mannosylation is unique in that an α-mannose is attached directly to the indole C2 carbon atom of a Trp residue through a C-C bond (Fig. 1a ). Previous studies have revealed that C-mannosylation occurs at the first Trp in the consensus amino acid sequence Trp-x-x-Trp (W-x-x-W), with the second Trp possibly being replaced with another aromatic amino acid such as Phe (7) . However, there also appeared to be exceptions to the rule for the motif of C-Man-W. In the cell, C-mannosylation is enzymatically triggered in Trp residues in proteins to synthesize C-Man-W by a specific mannosyltransferase (C-mannosyltransferase), which has not been identified. The biosynthetic pathway was first established by Doucey et al. (8) . In that study, C-mannosylation was examined by estimating the uptake of [ 3 H]-mannose into Fig. 1. (a) The structure of C-mannosyl tryptophan. (b) Structural representation of TSR2 in human thrombospondin-1 domains.
C. The Substrates for C-Mannosylation
There are a number of examples of C-mannosylated proteins including RNase 2, Interleukin(IL)-12, complements, F-spondin (4), properdin (21) , thrombospondin (22, 23) , the erythropoietin receptor (24) , mucins (25) , Ebola virus-derived glycoprotein (26) , mindin (spondin-2) (27) , and ADAMTS (A Disintegrin And Metalloprotease with ThromboSpondin)like 1/Punctin-1 (28) (Table I) . Almost all substrates for C-mannosylation are secretory or membrane-bound proteins, which suggests that C-mannosylation is a conventional posttranslational modification in the secretory pathway of the cell, consistent with the report that C-mannosyltransferase activity was detected in the microsomal fraction of rat liver (8) .
Recently, by analyzing experimentally verified C-mannosylation sites with respect to sequence and structure, Julenius and colleagues developed a tool, NetCGlyc 1.0, which correctly predicts C-mannosylation sites in proteins (29) . They showed that, in the W-x-x-W consensus motif, if C-mannosyltryptophan is designated at position 0 (underline), the strongest discrimination is clearly at position +3, where mostly Trp and Cys are accepted. Furthermore, the results indicate a strong preference for small and/or polar residues such as Ser, Ala, Gly, and Thr at position +1. By scanning the human genome using NetCGlyc 1.0, they found 2573 transcripts for exported or transmembane proteins with at least one predicted C-mannosylation site (29) . 
C-1. The Thrombospondin Type 1 Repeat (TSR) Superfamily
TSR is a functional protein module, three of which are repeated in tandem in thrombospondin-1 (TSP-1) (30) . The TSR2 module of human TSP-1 is aligned in Fig. 1b , and known to be C-mannosylated in the W-x-x-W motif. The positions of the amino acids that form the three strands A, B, and C identified in the crystal structure of TSRs are indicated at the bottom (31) . Strand A is a less-structured 'rippled' strand, and strands B and C are β-sheets. The Trp residues in the W-x-x-W motif are shown with stars. TSR2 also has a fucose O-linked to the threonine in the C-S-V-T-C-G motif between the A and B strands (32) .
TSR superfamily proteins with TSR module(s) seem to be a major group of substrates for C-mannosylation. The TSR superfamily is a diverse group of extracellular matrix and transmembrane proteins, which have a variety of functions related to regulation of the extracellular matrix's organization, cell-cell interactions and cell motility (30) . The C-mannosylated proteins include complements (C6, C7, C8, and C9) (33), properdin (21), TSP-1 (22, 23) , F-spondin (4), mindin (27) , and ADAMTS-like 1 (28) . In most cases, target proteins are C-mannosylated at the first Trp of W-x-x-W in the TSR. Examples of proteins C-mannosylated at multiple TSRs, are F-spondin and properdin. Properdin is an interesting target, because it has in total 20 Trp residues, 14 of which are C-mannosylated (21) . In terms of the structural characteristics and functions of TSP-1, the W-x-x-W motif of the TSR is believed to play an important role in the binding of TSP-1 with molecules such as glycosaminoglycans (e.g. heparin) (34 -36) , collagen (37), fibronectin (38) , and TGF-β (39) (40) (41) . It is noteworthy that Trp residues are essential for the interaction.
C-2. Cytokine Receptor Family
IL-12β is a member of the type 1 cytokine receptor superfamily (42) and C-mannosylated at Trp319 (43) . C-Mannosylation was also identified at Trp233 in the erythropoietin (EPO) receptor, when it was expressed as a soluble form of protein (24) . The cytokine receptor homology (CRH) domain is a characteristic structure commonly seen in the extracellular domain of various cytokine and growth factor receptors (44) . The W-x-x-W motif is also included in the CRH domain. The CRH domain contains two fibronectinlike type III motifs of seven β-strands each connected by a short "hinge" sequence. Overall amino acid identity between CRH domains of members of the cytokine family is generally less than 25%. However, an alignment based on the predicted β-strands of fibronectin-like type III like-motifs revealed several conserved features (44) . These include two pairs of Cys residues with conserved spacing in the amino-terminal motif, a W-S-x-W-S sequence near the carboxyl-terminal end of the membrane proximal motif, two highly conserved Trp β β β β residues, and several conserved Tyr residues. The functional significance of the W-S-x-W-S motif was scrutinized by making mutations in the motif in several cytokine receptors, such as IL-2, IL-6, GM-CSF, GM-CSF inhibitory factor (GIF), prolactin, and EPO receptors. Although the W-S-x-W-S motif is also present in other family members including IL-4, IL-5, IL-11, IL-12, IL-13, G-CSF, leptin receptors, and gp130, its functions have yet to be fully investigated.
C-3. Others
In addition to the TSR superfamily and cytokine receptor family, there are other protein groups bearing the W-x-x-W motif with C-mannosylation. The target proteins include mucins (25) , sGP of Ebora virus (26) , and mussel adhesive Pvfp-1 protein (20) .
Although early studies suggested strict substratespecificity for C-mannosylation of the first Trp in the W-xx-W motif, the second Trp in the motif was found to be missing in some cases of C-mannosylation, such as in complements (C6, C7, C8, and C9) (33) , lens membrane protein 20 (45) , eukaryotic translation elongation factor 1 α 1 (EEF1A1) (46) , and hypertrehalosaemic hormone from Carausius morosus (17) . A possible explanation for the C-mannosylation of Trp residues where no Trp or other aromatic residue is present at the second position is that, in addition to the W-x-x-W motif, a second signal in another part of the protein plays a role in C-mannosylation, or that a second C-mannosyltransferase which does not require the W-x-x-W motif catalyzes the mannosylation. The identification of this C-mannosyltransferase would be a future concern in this field.
D. Biological Functions of C-Mannosylation D -1 . C e l l u l a r L o c a l i z a t i o n o f C -M a n -W a n d C-Mannosylated Proteins
Since the discovery of C-Man-W in RNase 2, the C-mannosylation of Trp has been mainly determined by mass spectrometry. To further explore the C-mannosylation in the cell, a specific antibody against C-Man-W was generated using a chemically synthesized C-Man-W as an immunogen (14) . Using the anti-C-Man-W antibody, TSP-1 was identified as a protein modified with C-mannosylation, and its expression was increased in the aortic tissues of diabetic Zucker fatty rats. The intracellular distribution of C-mannosylated proteins was also examined with an immunofluorescence microscope in mouse macrophage-like RAW264.7 cells. The distribution showed a perinuclear vesicular pattern, and was similar to that of clathrin heavy chain, a marker expressed in secretory vesicles and the trans Golgi network (14) (Fig. 2) . This strongly suggests that C-mannosylated proteins are part of the secretory pathway. The localization is also consistent with findings that C-mannosylated proteins are mainly secretory or membrane proteins, such as compliments, cytokines, and Carausius morosus cytokine receptors (4). However, some of intracellular signals are likely distinct between C-mannosylated proteins and clathrin, suggesting that C-mannosylated proteins are located in other cellular compartments which differ from clathrinassociated membranes. Monomeric C-Man-W was isolated from human urine (47, 48) and marine ascidians (49) . This suggests C-mannosylated proteins to be degraded via catabolic pathways in the cell, although how is yet to be clarified. Takahira et al. (50) reported that monomeric C-Man-W in blood could be a novel biomarker of renal function, although the biological significance of the monomeric form is still not clear. It is also not known whether C-mannosylated peptides are specifically secreted out of the cell.
D-2. Role of C-Mannosylation in Protein Folding and Maturation in the Cell
In the case of the EPO-receptor, early evidence indicated the W-S-x-W-S motif to be directly involved in the interaction between the ligand and the receptor, and saturation mutagenesis of the EPO receptor subsequently showed that mutations in the W-S-x-W-S motif cause an abrogation of its transport to the cell surface, suggesting a functional role for the motif in the folding of the receptor in the ER (51). These findings indicate that the W-S-x-W-S motif plays a part in stabilizing the conformation of the ligand-binding domain. The W-x-x-W motif was C-mannosylated in the EPO receptor, when it was expressed as a soluble protein in HEK-EBNA cells (24) . However, in that study, several mutations of the W-S-x-W-S motif in the soluble EPO receptor revealed that C-mannosylation did not play a critical role in the intracellular transport and secretion of the molecules. Therefore, it is still not clear if soluble and membrane-bound forms of the EPO receptor are distinguishable or how folding of the molecules is quality controlled in the ER (52) . In the case of mucins, such as MUC5AC and 5B, mutation of the W-x-x-W motif or expression of the unmutated domain in Lec35.1 cells, a cell line defective in dolichy-P-mannose utilization, resulted in reduced secretion of the Cys-containing subdomains, indicating that C-mannosylation is required for proper folding or ER export of the mucins (25) . Recently, Wang et al. also found that an experimental defect of C-mannosylation caused inefficient secretion of ADAMTS-like 1 out of cells (28) . These reports suggest that C-mannosylation affects the folding or trafficking of secretory proteins. However, in the case of soluble non-structural glycoprotein (i.e. sGP), a protein of Ebola virus, abrogation of C-mannosylation by point mutations in the W-x-x-W motif did not cause a change in the biosynthesis, transport, structure or function of the mutant protein (26) . Thus further investigation is still required to clarify the significance of C-mannosylation in the folding or maturation of each target protein.
D-3. C-Mannosylation and Diabetes
T h e e f f e c t o f h y p e r g l y c e m i c c o n d i t i o n s o n C-mannosylation was examined in macrophage-like RAW264.7 cells and tissues of the Zucker fatty rat, a diabetic animal model (14) . In the study, protein C-mannosylation increased with a concomitant increase of C-mannosyltransferase activity in RAW264.7 cells cultured with a high glucose concentration. Furthermore, C-mannosylation was also specifically increased in the aortic tissues of Zucker fatty rats. However, there was no significant increase of C-mannosyltransferase activity in aortic tissue homogenates from Zucker fatty rats compared to controls. These results suggest that the increase of C-mannosylation in the diabetic aorta is not simply explained by the upregulation of C-mannosyltransferase activity. Other possible explanations for the increase in C-mannosylation could be an increase in the synthesis of dolichyl-P-mannose, a donor substrate for C-mannosylation (8) , or that of target proteins bearing the W-x-x-W motif. Although there were conflicting studies concerning altered dolichol metabolism in the liver of streptozotocin-treated diabetic rats (53, 54) , it is still not clear how dolichol metabolism correlates with increased C-mannosylation under diabetic conditions.
In the aortic tissues of Zucker fatty rats, TSP-1 was identified as a target protein for C-mannosylation, which was consistent with previous findings (22) . It has also been reported that the expression of TSP-1 increased in aortic vessel walls of diabetic Zucker rats (55) . In that study, the authors suggested a relation between increased TSP-1 expression and accelerated atherosclerosis in the vascular tissues because TSP-1 is known to function in a variety of biological events such as cell attachment, cell proliferation, angiogenesis, and apoptosis (56) . TSP-1 is thought to be involved in the development of various vascular diabetic complications (57) . Therefore the function of C-mannosylation may also need to be clarified to understand the functional regulation of TSP-1 in the pathogenesis.
D-4. Cellular Signaling Functions of the W-x-x-W Motif with C-Mannose
In several functional protein families, the W-x-x-W motif, which is located at the surface of the protein, may play a pivotal role in molecular interactions. The functions of this motif have been studied extensively using synthetic peptides. For example, various TSR-derived peptides containing the motif were used to investigate the function of TSP-1, and it was revealed that the sequence W-S-H-W binds heparin and sulfated glycoconjugates with different affinities (34, 35) , and inhibits the interaction of TSP-1 with the gelatin-binding domain of fibronectin (38) . The W-x-x-W motif is also important for the interaction of TSP-1 with the mature domain of TGF-β (39, 41) to inhibit tumor growth (58) . Furthermore, TSR-derived peptides containing the W-x-x-W motif caused various biological reactions, including the inhibition of angiogenesis (59) , the stimulation of T-cell signaling (60) , the induction of neurite outgrowth (61, 62) , and the enhancement of apoptosis (63) . However, all these results were based on studies using synthetic peptides containing a nonmannosylated W-x-x-W motif, in spite that a certain proportion of endogenous peptide motifs might be C-mannosylated in the cell. Therefore, peptides with or without C-mannosylation are required to re-examine the function of the W-x-x-W motif in the cell.
Research into protein C-mannosylation has changed dramatically with the chemical synthesis of C-Man-W (64,65) and C-Man-W-containing peptides (66) . In fact, using a synthetic C-Man-W, an antibody against C-Man-W was generated and used for the study of C-mannosylation in cells and tissues (14) . Furthermore, to investigate the biological function of the C-mannosylated W-x-x-W motif in cellular signaling related to innate immunity, the effect of C-Man-W and C-mannosylated TSR-derived peptides on the lipopolysaccharide (LPS)-signaling pathway was examined in macrophage-like RAW264.7 cells (67) . In this study, C-mannosylated TSR-derived peptides (e.g., C-Man-W-S-P-W) showed an enhancing effect on the cytotoxicity of LPS by increasing the production of tumor necrosis factor-α (TNF-α) through enhanced activation of c-Jun N-terminal kinase via the activation of transforming growth factor-β-activated kinase 1 (TAK1). It was the first study to demonstrate directly the functional role of C-mannosylation on the W-x-x-W peptide motif in the cell. The C-mannosylated peptides showed no significant interaction with LPS or Tolllike receptor 4, a receptor for LPS, and the specific target for C-mannosylated peptides was not clear in the cells. Interestingly, Nishikawa et al. reported that C-Man-W is not recognized by conventional mannose-binding lectins, such as concanavalin A and mannose binding lectin-C (68). Thus it would be interesting to clarify the molecules which Recently, proteins bound to C-mannosylated TSRderived peptides were searched for using chemically synthesized C-mannosylated peptides (14) . Some cellular proteins specifically recognized C-Man-W-S-P-W but not W-S-P-W in RAW264.7 cells, and one of them was identified as heat shock-cognate protein 70 (Hsc70) (69) . Hsc70, a family member of heat shock protein 70 (Hsp70) superfamily, is a soluble molecular chaperone expressed in a variety of tissues and cells. Despite the distribution of Hsp70 and Hsc70 in the cytosol, there are numerous studies concerning their extracellular release and biological significance in the immune system and cancer biology (70) . The affinity of Hsc70 for C-mannosylated peptides in solution was higher than that for the peptides without C-mannose. The binding was influenced by a nucleotide-induced conformational change of Hsc70, and C-mannosylated peptides preferred the substrate-binding domain of Hsc70. Furthermore, in RAW264.7 cells, addition of Hsc70 stimulated cellular signaling to produce TNF-α, via TAK1, and the Hsc70-induced signaling was enhanced more in the presence of the peptides with C-mannose than those without C-mannose. This suggests functional interaction between Hsc70 and the C-mannosylated peptides in the cells. Together, these results demonstrate a novel function of the C-mannosylation of TSR-derived peptides in terms of interaction with Hsc70 to regulate cellular signaling, although further investigation is required to clarify the precise mechanism involved (Fig. 3) .
Mindin (Spondin-2), a member of the TSR superfamily of extracellular matrix proteins, is involved in neuronal outgrowth and also plays a role in immune responses. Mindin functions as a pattern recognition molecule for microbial pathogens (71) . Recently, Li et al. (27) reported that LPS is recognized by mindin through its TSR domain, and the binding of LPS requires C-mannosylation in the TSR. These results suggest a novel function of C-mannosylation in the TSR domain, and may also be compatible with the findings that LPS-dependent signaling in macrophage-derived cells was enhanced by TSR-derived peptides with C-mannose but not by those without C-mannose (67) . However, in contrast to the C-mannosylation-dependent interaction of the TSR of mindin with LPS, synthetic C-Man-W-S-P-W did not show specific interaction in vitro with LPS (unpublished results). These results suggest that the full structure of TSR with C-mannose is required for the specific binding with LPS. Collectively, these recent results strongly indicate that as yet undiscovered functions of C-Man-W and the C-mannosylated W-x-x-W motif in the molecular recognition and signaling remain to be clarified.
E. Conclusion
C-Mannosylation is a unique type of glycosylation for Trp residues in proteins, and thought to occur often at the first Trp in the consensus amino acid sequence W-xx-W in specific proteins, such as TSR and cytokine receptor superfamilies. Although the W-x-x-W motif in each protein plays a role in molecular recognition and interactions in the cell, the effect of C-mannosylation on the motif has not been fully investigated. Recently, by site-directed mutagenesis of substrate proteins or by utilizing chemically synthesized C-mannosylated W-x-x-W peptides and their derivatives, it has been revealed that C-mannosylation of the motif has functions related to protein folding and molecular recognition in the cell. The recent studies suggest that C-mannosylation exerts a variety of biological functions by modulating the functions of target proteins. To clarify the biological significance of C-mannosylation, further investigation concerning the search for C-mannosylated proteins and the biosynthetic mechanisms of C-mannosylation will be required.
